We investigate spin transport through ferromagnetic graphene vertical heterostructures where a sandwiched tunneling layer is either a normal or ferroelectric insulator. We show that the spin-polarization of the tunneling current is electronically controlled via gate voltages.
can thus be developed by using the proposed heterostructure in this study. The effects of temperature on the spin transport and the giant electroresistance ratio are also investigated. Our findings discover the prospect of manipulating the spin transport properties in vertical heterostructures through an electric fields via gate and bias electrodes.
Graphene, a honeycomb-like single layer crystal of carbon atoms, has been attracting a lot of attention in the recent decade both in terms of fundamental interests and technology. Amongst the various aspects of graphene, one of the most promising potentials is that it has extraordinary transport properties such as high carrier mobility and long mean free path. [1] [2] [3] Despite these advantages for high-speed device applications, the use of single layer graphene for practical nanoelectronic devices, like field-effect transistors (FETs), is limited because of the low current on/off ratio [4] [5] [6] that implies how effectively it generates digital signals. This limitation mainly stems from the intriguing relativistic transport phenomena in graphene, so-called Klein tunneling, which results in massless and chiral Dirac fermions that can perfectly pass through electrostatic potential barriers. [7] [8] [9] Recently, there has been an alternative idea to fabricate graphene FETs based on an architecture that graphene and other two dimensional layers are stacked vertically. 10, 11 It has been reported that vertical current density in layered graphene -hexagonal boron nitride (hBN) -graphene heterostructures can be modulated by controlling quantum tunneling through atomically thin hBN layers via gate voltage. 10, 12 Larger current on/off ratios can be achieved by using small-bandgap layered materials as a tunneling insulator. 10, 13 Owing to the huge variety of structures and properties in vertical heterostructures of 2D materials, many promising and interesting research topics have been considered, e.g., field-effect transistors, 10,14 resonant tunnel diodes, 15, 16 and photodetectors. 17, 18 In particular, the vertical heterostructure architecture can be also a good candidate for graphene-based spintronics when sandwiched insulating layers are magnetized. 13 The long spincoherent length of graphene [19] [20] [21] allows for the fabrication of spintronic devices using graphene sheets as spin transport channels, once the tunneling current is well spin-polarized through the vertical heterostructure.
In this letter, the spin-resolved transport through the vertical heterostructures with ferromagnetic graphene (FMG) is investigated. Also, it is shown that the control of the spin transport through the structure can be achieved by electrically manipulating the spin configurations in FMG sheets. The spin-resolved band structure is taken into account to describe the electronic states of FMG, and the spin-resolved tunneling current density is calculated for two different combinations The system studied in this letter is a vertically stacked heterostructure which is formed by FMG and an insulating layer [see Figure 1a ]. The sandwiched insulator and the graphene sheets play roles of a tunnel barrier and conducting channels, respectively. Dual-gated device structures are considered to control the same amount of the carrier densities on both graphene sheets. 22 It has been revealed that the proximity interaction between a ferromagnetic insulator such as europium oxide (EuO) and graphene is able to induce ferromagnetism in graphene. [23] [24] [25] [26] The bias voltage V b can be applied between two graphene sheets, yelding the tunneling current through the insulating layer. The electronic properties of FMG are characterized by its spin-resolved electronic states: 24
where σ = ±1 for spin-up and down states of Dirac fermions,
are Fermi velocities for each spin with v F = 10 6 m/s, ∆ ↑ = 134 meV and ∆ ↓ = 98 meV are the spin-resolved bandgaps, as displayed in Fig. 1(b) . Here, we assume that the Fermi level of FMG is set in the mid-gap. For the proximity-induced ferromagnetic graphene, the valley degeneracy of the pristine graphene has been broken by interactions between carbon and europium atoms. 24 Particularly, depending on the position of the Fermi level, the FMG can be fully spin-polarized -at positive or negative unity -by adjusting the gate voltage via both gate electrodes (see Supporting Information).
As a starting point, let us introduce our vertical transport model used in this study. It assumes the elastic tunneling of Dirac fermions in terms of energy, and the momentum scattering effects are taken into account by applying the current density formula. The spin-resolved vertical tunnelig current is formulated with the interlayer transition matrix element based on WKB approximation, 22
where
is the spin-resolved density of states (SDOS) with the spin-resolved Fermi velocities (see Figure 1c) , and
is the Fermi-Dirac distribution. The interlayer transition matrix element is given by
Here, m * is the effective mass of the tunnel barrier material, ∆ is the barrier height of the tunneling insulator, V b is bias voltage which is applied via two graphene sheets, and d is the thickness of the tunneling insulator. Note that Γ is an energy-independent prefactor which represents the momen- etc. [27] [28] [29] [30] In the same context, the thickness of the NI layer is taken as 1 nm which is compatible with few-layer 2d material cases. 14 The spin transport is characterized by the spin-polarization of the tunneling current density, For FMG-NI-FMG heterostructures, it is found that the spin-resolved band structure of FMG is involved in the spin-polarized tunneling phenomena and the manipulation of the spin degree of freedom by means of an electric field via gate electrodes. The occurrence of pure spin-polarized current is attributed to the spin-resolved band gap of FMG, where only one spin states can be allowed near the band edges. This feature leads to purely spin-polarized FMG layers which can be utilized in the spintronic devices to explore a giant magnetoresistance (GMR). For typical ferromagnetic metal (FM)-NI-FM heterojunctions, electrical resistance strongly depends on how the FM configuration is set. While the electrical current flows well with the small resistance in the parallel configuration, a very large resistance is measured in the anti-parallel configuration. To achieve GMR, devices should be asymmetrically fabricated by using different kinds of FM materials, for which magnetization varies with respect to external magnetic fields. This means that controlling the magnetic fields is essential to change FM configuration. In addition, GER has already been introduced in a normal metal (NM)-FEI-NM heterojunction by using the asymmetric electrical response of a sandwiched FEI. 31 The key to GER is using electric fields instead of magnetic fields to achieve a giant change in electrical resistance, allowing greater convenience in generating distinct on/off signals in terms of technology. However, an asymmetric device has still been essential to make the potential barrier profile inside the FEI layer. Here, a way of achieving the emergence of GER is presented by investigating vertical transport through FMG-FEI-FMG vertical heterostructures. Our device architecture not only has an ability to produce a giant resistance change by means of electric fields, but also does not require asymmetric fabrication.
The properties of an FEI are described by a simple model of the polarization density as a function of an external electric field,
where p 0 is the saturated polarization density, β is the characteristic coefficient with the physical dimension of inverse electric fields, The former offers a rearrangement of the spin-resolved Dirac cones on FMG layers, and the latter accounts for the direction-dependent tunneling probability of Dirac fermions.
The shift of the spin-resolved Dirac cones is led by the following mechanism. For dual-gated devices, the carrier densities on FMG layers n 1 and n 2 are given as n 1 = n 0 − δ n/2 and n 2 = n 0 + δ n/2, where δ n = σ b . The corresponding chemical potentials are determined by n 1 and n 2 ,
i.e., µ 1,2 = sgn (n 1,2 ) π n 1,2 , where sgn (n 1,2 ) is the sign function. In equilibrium, the chemical potentials on the FMG layers should be arranged at the same Fermi energy to be consistent with equilibrium in the absence of bias voltage. Therefore, the Dirac cone on each FMG layer is shifted by ±δ µ/2 = ± |µ 1 − µ 2 | /2, respectively. In fact, such Dirac cone shifts coincide with a uniform electric field inside the tunneling layer δ µ/ed. This FEI-induced electric field is reflected in the tunnling probability as below, Figure 3 presents the vertical transport properties through FMG-FE-FMG heterostructures.
Here, total current density is shown as a function of bias voltage, which is given by the sum of the spin-up and spin-down current densities. It is clearly shown that the tunneling current density exhibits hysterisis behavior associated with FEI nature. For large bias voltage, the current density with the forward bias sweep is the same as that with the reverse bias sweep, resulting from the saturation of the polarization density. Total current density is resolved into spin-up and down In summary, it is demonstrated that the tunneling current density can be spin-polarized through FMG-NI-FMG heterostructures, reaching up to unity. By using the spin-resolved band model of the FMG, it is revealed that the vertical transport is accordingly spin-resolved. The spin transport through the FMG-NI-FMG heterostructure depends on the position of the equilibrium chemical potential, and its spin-polarization of the current density is tunable via gate voltage. This gatetunable spin transport is attributed to the presence of the purely spin-polarized states in the FMG band model, which can be a good building block for GMR devices. Accordingly, it is also demonstrated that the FMG heterostructure can be utilized to generate GER by replacing an NI with an FEI. Due to the FEI-induced shift of the FMG bands, it is shown that the anti-parallel spin configuration is achieved for specific gate voltages, and the spin configuration is able to be manipulated by means of electric fields via bias voltage. For specific gate voltages applied to the system, a very large difference in the tunneling current density is observed according to the bias voltage polarity (positive or negative). The influence of temperature on the spin-polarized tunneling current and the GER ratio is also investigated. As temperature increases, both the gate tunability of the spin-polarization and the GER ratio deteriorate, but the fully spin-polarized tunneling current and the very high GER ratio are guaranteed at T = 77 K. Gate-tunable spin transport can present a new means of manipulation of spin states using electric fields rather than magnetic fields, based on vertical heteroctructure architectures.
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